A method for interpreting and analysing electromyographic (EMG) data of myometrial electrical activity was established. This method was used to study EMG activity in the uterus during the various stages of the oestrous cycle in mares. Recordings were analysed from four pairs of electrodes that were surgically implanted in the myometrium of four reproductively sound mares. The electrodes were placed at the tip, middle and base of the left horn and in the uterine body. Electrical activity was monitored by a polygraph. Data were transformed to a digitized form and statistically analysed. Myometrial electrical activity during oestrus and dioestrus was analysed for frequency (number of activity bursts per hour), duration (time elapsed from the start to the end of a burst) and intensity (peaks per minute). In addition, the degrees of synchronous activity among all of the monitored sites of the uterus were compared. The minimal amount of time of EMG recordings that allowed meaningful statistical analyses was determined to be 3.5 h during oestrus and 7 h during dioestrus. Variations in intensity of electrical activity were seen between the sites of implanted electrodes (P < 0.001). Electrical activity was highest in the middle of the horn and lowest in the uterine body. The frequency of activity bursts was the same during oestrus and dioestrus (4.35 \m=+-\0.22 and 4.44 \m=+-\ 0.20, respectively). The duration and intensity of uterine electrical activity depended on the stage of the oestrous cycle. The mean duration of uterine activity bursts during dioestrus was significantly (P < 0.005) shorter during oestrus (3.32 \m=+-\0.18 min) than during dioestrus (5.7 \m=+-\0.39 min). The intensity of bursts was higher during oestrus than during dioestrus (P < 0.005). In contrast, the total time of uterine activity was higher during dioestrus than during oestrus (P < 0.005). Synchronization of uterine electrical activity among different sites of the uterus was more marked during oestrus than during dioestrus (P < 0.005). It was suggested that a hormone-dependent mechanism for the regulation of cell communication is responsible for at least part of the changes of myometrial electrical activity that was observed at different stages of the oestrous cycle. It was concluded from the study that the method described for analysing EMG data allowed for an objective and repeatable interpretation of myometrial electrical activity.
Introduction
The electromyographic (EMG) activity of the uterus during the oestrous cycle has been described in several domestic species (Zerobin and Spörri, 1972; Naaktgeboren et al, 1973; Rousseau and Prud'homme, 1974; Ruckebush and Bayard, 1975; Taverne et al, 1979a; Krishnamurti et al, 1982; Toutaine et al, 1983; Thorbum et al, 1984; Faltsi and Brikas, 1990) . Taverne et al. (1979b) used EMG recordings to describe uterine activity in the cyclic mare. They found differences in myometrial electrical activity during different stages of the oestrous cycle. The observed electromyographic activity of the uterus of mares Received 24 August 1992. differed, however, from similar recordings of the oestrous cycle in other species. Studies of uterine activity using intrauterine pressure devices have not supported the results of Taverne and co-workers (Goddard et al., 1985; Ko et al, 1989) .
Electromyographic data is often presented in terms of EMG recordings. General interpretations are based on subjective visual impressions of monitored electrical patterns. The interpretation of several hours of EMG recordings is based solely on a figure that shows a small proportion of the data. An objective method for interpretation of EMG data is necessary to perform statistical analyses; this would include translation of specified parameters from EMG recordings into a digital code.
The purpose of the present study was: (1) to develop an objective method for analysis and interpretation of EMG data and (2) to use this method to study electromyographic activity in the uterus during the various scages of the oestrous cycle in mares.
Materials and Methods
Mares Four healthy mares (3-5 years of age) were used in this study. They were all confirmed to be normally cyclic and had no history of fertility problems. The mares were fed alfalfa hay and were kept in stalls. During the recordings, the mares were allowed to move freely in a tiestall with the wires from the electrodes attached to the ceiling via a suspensory band. Some of the recordings were carried out with the mare confined to an examination stock. The stage of the oestrous cycle was determined by transrectal ultrasonographic examinations of the reproductive tract every other day for detection of ovarian follicles and the presence of a corpus luteum, and also by teasing the mares with a stallion. Oestrus and dioestrus were confirmed by determining concentrations of progesterone in blood samples obtained at each recording session.
Collection of blood samples
In conjunction with each recording session, 10 ml of venous blood was withdrawn from the jugular vein in a vacutainer system (Becton Dickinson, Rutherford, NJ) containing sodium heparin as an anticoagulant. The samples were centrifuged at 400 g for 10 min and plasma was removed and stored at -20°C until analysed for progesterone.
Hormone analysis
Plasma progesterone concentration was determined using a solid-phase microtitre plate enzymeimmunoassay as described by Munro and Stabenfeldt (1984) . Progesterone 3-O-carboxymethyloxime-horseradish peroxidase was used as the label and antiserum from rabbits was raised against a progesterone lla-hemisuccinyl-BSA immunogen. Progesterone 3-O-carbomethyloxime and lla-hemisuccinate-BSA were purchased from Steraloids, Inc. (Wilton, New Hampshire). Horseradish peroxidase was obtained from Sigma Chemical Co. (St Louis, MO). The mean intra-assay coefficient of variation was 9.97% and the average interassay coefficients of variation for pools of high, medium and low progesterone concentration were 4.9, 6.2 and 10.5%, respectively. The sensitivity of the progesterone assay was < 0.1 ng ml-,
Myometrial electrode implantation
Six pairs of bipolar electrodes were surgically implanted in the myometrium of each mare. The uterus was exposed via a midventral laparotomy performed under general anaesthesia induced by 100 mg guaifenesin kg-1 (Rhone-Poulene, Collegeville, PA) and 2 mg thiamylal kg~J (Surital; Parke-Davis, Morris Plains, NJ) i.v. and maintained with halothane (Halocarbon Laboratories, N. Augusta, SC). Three pairs of electrodes (44-gauge multistrand stainless steel Teflon coated wire) were implanted into the myometrium of the left uterine horn, spread 3-5 cm apart at the tip of the horn, the middle of the horn, the base of the horn and the uterine body. Similarly, two pairs of electrodes were implanted at the mid-section and base of the right horn. A loop was made in each wire 5 cm from the distal end of the electrodes. The Teflon was stripped from the elec¬ trodes over a 10 mm long segment distal to the loop. Pairs of electrodes were implanted into the myometrium, using a tapered needle, and secured via a suture (prolene 3-0) through the loop. Electrodes within a pair were implanted approxi¬ mately 1 cm apart. The most distal end of the electrodes was cut, leaving the stripped area embedded in the myometrium. This technique allowed exposure of the electrodes to both the longitudinal and circular layers of the myometrium. The recorded activity therefore represented the combined activity of the two myometrial layers. Each electrode, covered by a Teflon tube, was passed through the abdominal wall of the left flank, tunnelled s.c, exteriorized near the withers, fixed in place and capped.
EMG recordings
After implantation and recovery from surgery, the mares were allowed to rest for at least one week to allow the uterus to stabilize. Electrical activity (EMG), was monitored by a Grass polygraph with each electrode joined to the appropriate lead of the polygraph. EMG signals were amplified through Grass DC preamplifiers and the signals were transcribed to a Grass poly¬ graph at a chart speed of 10 mm min-1 and at an amplitude of 50 pV cm-1. Signal filters were set at 10 and 35 Hz (Haluska et al, 1987) .
Recordings were carried out during oestrus and dioestrus. Each recording session lasted for a minimum of 6 h and maxi¬ mum of 15 h. At the end of each recording, 20 iu oxytocin was administered i.v. as a control for myometrial activity. Although the effect of oxytocin on electrical myometrial activity demonstrated a different pattern during oestrus and dioestrus, the response was marked at all stages of the cycle. The adminis¬ tration of oxytocin was therefore considered to be an accurate positive control for electrical myometrial activity.
Analyses
All recordings were manually transformed to a digitized form and myometrial electrical activity was analysed in three ways.
First, frequency was defined as the number of activity bursts per hour. A burst was defined as electrical activity consisting of at least ten recorded peaks per minute and separated from other bursts by at least 1 min (Fig. 1 ). Second, duration was defined as the time (minutes) elapsed from the start to the end of a burst. Third, intensity was measured as the number of spikes per minute (Fig. 2 ). Intensity was coded as 0 = quiescence ( < 10 spikes min-1), 1 = low (11-15 spikes min-1), 2 = inter¬ mediate (16-20 spikes min-1), or 3 = high (> 20 spikes min-1). The degree of intensity was calculated as the degree (1-3) of all registered electrical activity divided by the total duration of activity bursts. In addition, total intensity was analysed as the degree of registered electrical activity, including periods of quiescence, divided by the total time of registration. Total (EMG) recordings of myometrial electrical activity during 1.5 h from a mare in oestrus. Recordings were made from the tip of the left horn (TLH), middle of the left horn (MLH), base of the left horn (BLH) and the uterine body (UB). A uterine burst was defined as electrical activity consisting of > 10 recorded spikes separated from other bursts by at least 1 min. Most bursts have a duration of 4-5 min. The frequency of activity bursts was defined as the number of bursts h~\ Synchrony was expressed as the number of electrode sites which were active simultaneously and the number which were quiescent simultaneously, a and c: intermediate synchronous activity (3 active sites and 1 quiescent site (a) or 3 quiescent sites and 1 active site (c)); b: complete synchrony (4 active sites and no quiescence). intensity was graded from 0 to 3. All registered electrical activity, regardless of intensity, was classified as total uterine activity and was expressed as the percentage of time any electrical activity was recorded.
In addition, the presence or absence of synchronous activity was expressed as the number of implantation sites that were active simultaneously and the number which were quiescent simultaneously ( Fig. 1 ). Complete synchronous activity occurred when there was simultaneous activity (4,0) or quiescence (0,4) at all locations. Intermediate synchronous activity occurred when there was simultaneous activity (3,1) or quiescence (1,3) at three locations. Absence of synchronous activity occurred when simultaneous activity occurred at two sites (2,2).
Statistical analyses
To determine the minimal amount of time of EMG recordings that allowed for meaningful statistical analyses, recordings were monitored and plotted until stabilization of means and standard deviations occurred.
The means of the degree of intensity during electrical activity as well as the total intensity were analysed for statistical differ¬ ences between sites of the uterus using a one-way analysis of variance (ANOVA) with repeated measures. Tukey's HSD test was used to detect significant differences between individual pairs of means.
The incidence of various durations of uterine electrical activity and the proportion of synchronization were tested for significant differences during oestrus and dioestrus using a 2 test. In addition, the means of burst durations were tested for significant differences between oestrus and dioestrus, using a t test for populations with unequal variances. A Student's t test was also used to test for mean differences in frequency of activity bursts, intensity and total uterine electrical activity during oestrus and dioestrus. Because of technical problems with the two pairs of electrodes implanted in the right horn of one mare, whereby the mare destroyed the exteriorization of this set of wires, data from the right horn was excluded from all mares and analyses were made only from the four pairs of electrodes in the left horn and uterine body.
The results were expressed as means + SEM. Significance was set at < 0.05.
Results
Mean concentrations of progesterone in plasma of mares recorded during oestrus were 0.16 ng ml-1 (range = 0.03-0.4), and during dioestrus averaged 5.2 ng ml-1 with a range of 2.2-11.7. A recording time of 3.5 h during oestrus gave enough data for a reliable analysis, but dioestrous mares had to be monitored for more than 7 h before stabilization of the data was seen (Figs 3 and 4). EMG recordings at different sites of the uterus Significant differences in intensity during bursts of activity were observed during dioestrus between different parts of the uterus (P < 0.001) (Table 1) . More high intensity bursts were recorded at the middle and base of the horn than at the tip of the horn and the uterine body. These differences were not found during oestrus, at which time equal intensity was observed at all sites of the myometrium monitored (P > 0.1).
Variations in total intensity between the sites of implanted electrodes were observed throughout the oestrous cycle 40 (a) ( < 0.001). During oestrus and dioestrus, the total uterine electrical activity was highest in the middle of the horn. In addition, the total activity in the uterine body during dioestrus was significantly lower than in other sections of the uterus. A similar pattern of marked uterine activity in the middle of the uterine horn was also seen for total uterine activity, frequency and duration of electrical activity.
Myometrial electrical activity during oestrus and dioestrus
Frequency. The frequency of activity bursts was similar during oestrus and dioestrus with a mean of 4.35 + 0.22 h^1 during oestrus and 4.44 + 0.20 h-1 during dioestrus (P > 0.1).
Duration. Significant differences in durations of the burst were seen during the oestrous cycle (P < 0.005). Although short durations of activity bursts dominated in both oestrus and dioestrus, activity bursts lasting more than 5 min were more common during dioestrus (Fig. 5 ). The mean duration of uterine activity bursts during dioestrus was 5.7 + 0.39 min compared with 3.32 + 0.18 min for mares at oestrus ( Intensity. The degree of intensity of uterine electrical activity recorded depended on the stage of the oestrous cycle. Bursts of activity had a higher intensity during oestrus than during dioestrus (P < 0.005) (Table 2) . However, if periods of no activity were also included in the calculation (total intensity), the situation was reversed ( Table 2 ). Mares in dioestrus had a significantly higher total intensity of uterine activity than did oestrous mares (P < 0.005). This was prob¬ ably the result of the higher total time of uterine activity during dioestrus (42.2% compared with 23.6% during oestrus; P< 0.005).
Synchronization. Synchronization of uterine electrical
activity among different sites of the uterus demonstrated differ¬ ences with regard to stage of the cycle. Synchronization was. more marked during oestrus than during dioestrus (P < 0.005). Complete synchrony was observed 66.85% of the time during oestrus compared with 37.7% of the time during dioestrus (Fig.   6 ). During both oestrus and dioestrus, uterine electrical activity was more synchronized than could be expected from calculation of random activity at different parts of the uterus (12.5% synchronization).
Discussion
Electromyography measures electrical changes in the membrane potential of the myometrium. Although several investigators have questioned the accuracy of using EMG recordings of electrical activity to monitor myometrial contractility (Wolfs et al, 1971; Zerobin and Spörri, 1972; Rousseau (2,2) = asynchronization with activity at two sites and quiescence at two recorded sites. Random activity was calculated from the probability of a random event. The highest synchronization is seen at oestrus but dioestrus is more synchronized than is random activity.
between electrical and mechanical activity in uterine smooth muscle. In the present study, the term electrical myometrial activity, rather than uterine contractions, was used to describe the recorded EMG activity. The electrical activity was classified on the basis of intensity and frequency of electrical activity bursts. The amplitude of registrations was not analysed because complete standardization of the distances of impedances of electrodes in the uterus was not possible. The amplitude of EMG registrations depends upon the number of active muscle cells in the range of the recording electrodes. In the present study, comparisons of electrical uterine activity at different sites of the uterus was possible because multiple pairs of electrodes were used. The intensity of uterine activity was selected as a parameter to investigate whether recordings from one site of the uterus are characteristic of the entire organ. Both the degree of intensity during bursts of activity and the mean of the total intensity during the entire recording time were greater in the middle and base of the uterine horn and middle of the horn, respectively, during dioestrus. The total intensity of activity was also greatest in the middle of the uterine horn during oestrus. Since total intensity of myometrial electrical activity includes periods of quiescence, these findings also reflect the duration of frequency by which the electrical activity occurs. These differences suggest that multiple site EMG analysis is preferred over single site EMG for a more complete picture of myometrial electrical activity. If maximal electrical activity is to be measured, electrodes should be implanted in the middle of the uterine horn.
The stage of the oestrous cycle was found to affect uterine activity. These results support the findings by Taverne et al.
(1979b) and a recent report by Jones et al (1991) , but differ from those of others. The use of different techniques may explain the discrepancies between the studies. Goddard et al. (1985) and Ko et al. (1989) measured intrauterine pressure in mares and could not detect differences in uterine activity during the oestrous cycle. The present study showed that during oestrus, activity bursts were of greater intensity and shorter duration than during dioestrus. The dioestrous bursts of activity were vari¬ able, often diffuse and sometimes difficult to separate from each other with few periods of quiescence. Interestingly, there were no differences in the frequency of activity bursts between recordings during oestrus and dioestrus. The significantly higher total activity that was observed during dioestrus appeared, therefore, to be the result of the prolonged duration of activity bursts at this stage of the oestrous cycle. This finding correlates well with the increased uterine tone and tubularity that is characteristic of the uterus at dioestrus upon rectal palpation.
The physiological basis for the differences in myometrial activity during oestrus and dioestrus is not completely under¬ stood. A direct effect of oestrogens on the Na+-K+ pump (Rossier et al, 1987) and the permeability of smooth muscle membrane to potassium have been demonstrated (Parkington and Coleman, 1990) . These findings were, however, contra¬ dictory to observations made during pregnancy by Kuriyama and Suzuki (1976) and Yoshinaga et al (1969) .
An indirect regulation of myometrial activity by oestrogen and progesterone, through their effect on oxytocin and prostaglandins, is well documented. Oestrogen has been shown to increase the concentration of oxytocin receptors and to stimulate endometrial prostaglandin synthesis, whereas pro¬ gesterone has the opposite effect (Demers et al, 1974; Roberts et al, 1976; Fuchs et al, 1983; Soloff et al, 1983; Schats et al, 1985; Schats et al, 1987) . A 'progesterone block' of myometrial activity (Csapo, 1962) is believed to be due to both the negative effect of progesterone on oxytocin and prostaglandin receptors and to its inhibition of myometrial formation of gap junctions (Garfield et al, 1977 (Garfield et al, , 1980 (Garfield et al, , 1982 McKenzie and Garfield, 1985; Burghardt et al, 1987) . The findings that synchronization of electrical activity in the uterus significantly increased from dioestrus to oestrus suggest a hormone dependent mechanism for the regulation of cell communication during oestrus in horses. As Taverne et al. (1979b) found changes in uterine electrical activity associated with plasma concentrations of pro¬ gesterone, but not of oestrogen, it is likely that progesterone modulates myometrial activity and that a 'progesterone block' of mechanisms that are responsible for cell communication occurs in the horse. A wave of synchronized uterine activity during oestrus may be important for the transport of sperm cells into the oviduct and for the removal of uterine secretions and products, including dead sperm cells and seminal plasma, at the time of mating. Further studies are required to determine whether gap junctions or intermediate junctions (Thelander, 1989) are the source of cell communication during the oestrous cycle of horses.
This study established an objective method for analysing EMG recordings of myometrial electrical activity. Previous reports on myometrial EMG in mares have been based on visual interpretation of the data which complicates the comparison between experiments by different researchers. The present study also showed that a standardized procedure of EMG recordings of myometrial electrical activity should include a minimum recording time to allow meaningful statistical analyses.
It was concluded that electrical activity of the uterus changes with the stage of the oestrous cycle and differs between differ¬ ent parts of the uterus. Uterine electrical activity during oestrus was characterized by short, distinct bursts of activity with high intensity and marked synchronization. During dioestrus, uterine activity showed more diffuse bursts of activity, with longer duration, lower intensity and less synchronization than during oestrus.
